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 Abstract—This paper proposes a multi-source multi-product 
framework for coupled multi-carrier energy supplies with a bio-
gas-solar-wind hybrid renewable system. In this framework, the 
biogas-solar-wind complementarities are fully exploited based on 
digesting thermodynamic effects for the synergetic interactions of 
electricity, gas and heating energy flows, and a coupling matrix is 
formulated for the modeling of production, conversion, storage, 
and consumption of different energy carriers. The multi-energy 
complementarity of biogas-solar-wind renewable portfolio can be 
utilized to facilitate the	mitigation of renewable intermittency and 
the efficient utilization of batteries, and a multi-carrier generation 
scheduling scheme is further presented to dynamically optimize 
dispatch factors in the coupling matrix for energy-efficient con-
version and storage, while different energy demands of end-users 
are satisfied. The proposed methodology has been fully tested and 
benchmarked on a stand-alone Microgrid over a 24-hour sched-
uling horizon. Comparative results	demonstrate that the proposed 
scheme can lower the battery charging/discharging actions as well 
as the degradation cost, and also confirm its capability to accom-
modate high penetration of variable renewables. 
Index Terms—Energy hub, energy storage, renewable energy, 
Microgrid, multi-energy systems. 
I. INTRODUCTION 
HE importance of hybrid renewable energy system (HRES) 
has been increasingly recognized for providing sustainable 
and reliable energy supply with low emissions and high fuel 
flexibility, especially for stand-alone power systems in remote 
areas [1]. The inherent intermittency and volatility of wind and 
solar power have raised concerns regarding the integration and 
utilization of high-penetration renewables in power systems [2], 
[3]. Energy storage system (ESS) is an effective technological 
solution for mitigating the fluctuations from renewable energy 
sources (RESs), and extensive efforts in [4]-[8] have been made 
to enhance the overall system availability of HRES with vari-
ous ESSs. Among existing energy storage technologies, there 
is substantial interest in battery energy storage (BES) because 
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of its efficient rechargeability, high energy density, and low 
maintenance advantages [5]. Nevertheless, the wear and tear 
caused by frequent charging and discharging would decrease 
battery cycle lifetime and storage capability, and thus the run-
ning cost of BES is expensive due to its short service life, 
which contributes significantly to the operating cost of HRES 
[2],[8]. This paper strives to cope with the effects of variable 
RESs through coupled multi-energy conversion from biomass 
energy sources so as to alleviate battery dependency. 
Biogas is a promising renewable energy with significant po-
tential to provide diversified energy services such as electrici-
ty, heating, and lighting [9],[10]. Biogas is commonly gener-
ated in anaerobic conditions from raw materials such as agri-
cultural waste and dedicated energy crops. The produced biogas 
can be stored or converted into electricity and heat via a com-
bined heat and power (CHP) plant, and then fed into power dis-
tribution system and local district heating network [11]. In ad-
dition, it can be further purified to pipeline-quality natural gas 
and injected in natural gas network [9]. Biogas energy is inde-
pendent from climatic influences for offering high predictabil-
ity and availability, and thus can be utilized to balance the sto-
chastic energy production from weather-driven RESs [12]-[16]. 
The biogas integrated HRES can be formed as an energy hub 
to process multi-energy carriers including electricity, heat, and 
gas. Within the energy hub, different types of primary energy 
sources, such as biomass, solar and wind, can be converted and 
conditioned into desirable energy demands [17]. Consequently, 
this paper aims to investigate the hybrid renewable-based en-
ergy hub to manage the variability of RESs, and provide flexi-
ble multi-carrier energy services with optimal energy-efficient 
scheduling scheme. 
The energy hub model was proposed in [18] to optimize the 
coupled power flows of multi-energy carriers, and further stud-
ies on the interconnected hubs, energy flow analysis, topolog-
ical and structural designs of hub couplings were investigated 
in [19]-[24]. Furthermore, various renewable generations, such 
as wind, solar, and hydropower, have been integrated into en-
ergy hubs in [25]-[28] for economic and emission reductions, 
and the flexibility provided by mutual interconnections from 
multi-inputs to multi-outputs can be utilized to cope with the 
effects of variable RES penetration. Hybridization of multiple 
RES technologies in energy hubs can also improve system re-
liability and energy efficiency [29]-[31]. The biogas integrated 
HRESs were reported in [14],[16],[32]-[35] for combined heat 
and electricity generation, and the dependency on fossil fuels 
as well as environmental emissions can be alleviated. Howev-
er, the coupling interactions between biogas and other RESs 
on multi-energy conversion and storage are not involved yet. 
With the surge in fossil fuel prices and increasing environ-
mental concerns, the 100% renewable energy systems are eco-
nomically viable for providing investment opportunities due to 
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no fossil fuel requirement and low operating cost. The biogas- 
solar-wind HRES can provide a cost-competitive solution with 
higher complementarity and significance for stand-alone mul-
tiple energy supplies. In addition to the time complementarity 
between solar and wind resources [6], biogas plant can offset 
the diurnal fluctuations of intermittent RESs. Moreover, the 
available solar and wind generations can be utilized to heat the 
thermostatic digester in order to improve the efficiency of bi-
ogas production from anaerobic digestion [32],[33]. Hence, the 
biogas-solar-wind energy complementarities can be exploited 
based on digesting thermodynamic effects to accommodate the 
fluctuating RESs, and the excess wind and solar energy can be 
converted to biogas in a gas storage tank. The proposed bio-
gas-solar-wind renewable portfolio can contribute towards the 
formation and development of stand-alone Microgrids for mul-
ti-energy supplies in the off-grid remote areas, such as rural 
villages and islands. As the performances of anaerobic organ-
isms in the fermentation process are severely limited under cold 
digestion temperatures, the proposed HRES can also promote 
biogas applications in cold climates, and significantly decrease 
the cost of domestic waste treatment and pollution emissions as 
a result of biogas utilization instead of burning biomass sources. 
In this paper, the biogas-solar-wind energy complementari-
ties are proposed to form a coupled multi-carrier energy supply 
framework for stand-alone autonomous Microgrids. The con-
tributions of this paper are summarized as follows: 1) A R-C 
thermodynamics-based thermal interaction model is formulat-
ed to investigate the digesting thermodynamic effects for har-
vesting fluctuating RESs in the form of biogas; 2) A biogas- 
solar-wind energy hub framework is proposed for mapping the 
input renewable energies to multi-energy demands, and a cou-
pling matrix is formulated for the modeling of production, con-
version, storage, and consumption of different energy carriers; 
3) A rolling horizon based multi-carrier generation scheduling 
scheme is developed to optimize the multi-energy conversion 
pathways for system energy-efficiency enhancement. 
II. MODELLING OF BIOGAS-SOLAR-WIND ENERGY HUB 
A. Digesting Thermodynamic Analysis 
Biogas can be produced from a wide range of organic 
wastes with anaerobic organisms, and its yield is determined 
by digestion temperature in a closed digester. For the meso-
philic anaerobic digestion, temperature is an important envi-
ronmental factor to control the rate and course of digestion 
[33]. In general, the increase in temperature of biogas digester 
leads to the rise in the substrate utilization rate and metabolic 
rate of digestion microorganisms, thus increasing the biogas 
yield. As the digestion temperature continues to increase, the 
higher temperature beyond optimum temperature would lower 
the activity of microorganisms, and make the anaerobic diges-
tion process less efficient. Through the polynomial regression 
to fit the measured data in [9],[32],[36], the biogas production 
rate 𝑓" can be modeled as follows, 
2
D Z O( )f m T T n= - +              (1) 
where 𝑇$ and 𝑇% are the actual digestion temperature and op-
timum temperature, respectively; m and n are the coefficients 
obtained from the data fitting. The optimum temperature 𝑇% is 
35°C for most of the mesophilic organisms [30]. In this study, 
a multi-energy thermal interaction model is formulated to in-
vestigate the digesting thermodynamic effects under external 
energy injections. Firstly, an R-C thermal network is modeled 
in Fig. 1 to capture temperature dynamics in the digester. The 
heat transfer and storage can be denoted by thermal resistance 
and capacitance [37]. The inside, wall and outside temperatures 
of the digester are represented by nodes with thermal potentials.	
The interior surfaces of digester walls are usually sprayed with 
insulation materials, such as sheet plastic and rubber, to offer 
thermal insulation against the cold [33]. Taking a digester with 
two-layer walls as an example,	 the internal wall node is linked 
with the digester inside node via two series resistors with re-
sistances 𝑅'(/2 and 𝑅+,, while a peripheral wall node is con-
nected with the outside node by two series resistances 𝑅'-/2 
and 𝑅./0,	as shown in Fig. 1. The thermal insulation of the two- 
layer walls are linked with two resistances 𝑅'(/2 and 𝑅'-/2. 
Then, the	 digesting thermal dynamics can be governed using 
the nodal analysis for thermal circuit, as follows, 
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    (4) 
RES B ef hfQ S Sh= +               (5) 
where	𝑅+,, 𝑅./0, 𝑅'(, and 𝑅'-  are the thermal resistances for 
internal and external convective heat transfer, conductive heat 
transfer of the two-layer walls, respectively; 𝑄345  is the inject-
ed heating energy from RESs; 𝑇$, 𝑇./0, 𝑇'(, and 𝑇'-  are the 
temperatures of digester inside and outside, the 1st and 2nd lay-
er walls, respectively; 𝐶$, 𝐶'(, and 𝐶'- are thermal capaci-
tances of digester inside, the 1st and 2nd layer walls, respectively; 
k denotes the scheduling time; 𝜂8  is the conversion efficiency 
of electric boiler; 𝑆:; and 𝑆<; denote the electricity and thermal 
energy feedback for digester heating, respectively. The thermal 
resistance and capacitance	 parameters of insulation materials 
adopted here were obtained from [32],[33],[37], and have val-
idated against the historical data (e.g., digestion temperature, 
outside temperature, thermal energy for digester heating, etc.) 
for parameter tuning [36]. 
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Fig. 1 R-C thermal network of digester inside and its surrounding walls 
Here, (2), (3) and (4) indicate the thermal interactions for 
heat transfer among the external heating sources, digester in-
side, two-layer walls, and ambient environment in the closed 
digester. (5) represents the harvesting available renewable en-
ergy in the form of electricity and thermal energy for digester 
heating. Since the surrounding walls and ambient environment 
of digester at all directions are regarded as the same thermal 
resistances and capacitances, the thermodynamics are modeled 
by the thermal circuit in Fig.1 for digesting zone and digester 
wall on one direction. In order to decrease the computational 
efforts, a linearization method for generic nonlinear dynamic 
models in [37] is adopted. The differential equations in (2)-(4) 
can be transformed into a state space form, and the system dy-
namics are linearized around a nearest equilibrium point to the 
system operating point. Then, the linearized state space realiza-
tion model is discretized for numerical iterations, as follows, 
1k k k kx Ax Bu Dd+ = + +              (6) 
k ky Yx=                     (7) 
where xk is the state vector denoting the temperatures of nodes 
in thermal circuit at time k; yk is the output vector denoting the 
temperature of digesting zone at time k; uk represents the input 
vector of controllable electricity and thermal energy for digest-
er heating at time k; dk stores the uncontrollable inputs and sys-
tem disturbances at time k, e.g., weather conditions and ambi-
ent temperature; A is the system state matrix and Y is the out-
put matrix of the system; The B denotes the input matrix cor-
responding to the controllable variables and D stores the input 
matrix corresponding to the disturbance variables. In this study, 𝑄345 from external heating sources is the controllable input. It 
has been proved in [37],[38] that this linearization will not lead 
to significant truncation errors because of the small tempera-
ture range in the digester. Consequently, from the thermody-
namics-based model in (1)-(7), the gain in biogas yield result-
ed from the biogas-solar-wind energy injections for heating 
digester can further be analyzed. 
B. Biogas-Solar-Wind Energy Hub Framework 
The multi-energy complementarities of hybrid biogas-solar- 
wind renewable portfolio can be fully exploited based on the 
digesting thermodynamic analysis. With the effects of diges-
tion temperature on the biogas yield, the available thermal and 
electrical energy from solar and wind generation outputs are 
allowed to heat the digester, thereby facilitating the anaerobic 
digestion to increase biogas productions. The obtained biogas 
can be stored in a compressed gas storage tank to make it ac-
cessible for later use once there are inadequate wind and solar 
energy. The utilization of RESs for digester heating is a sus-
tainable and effective way to overcome the low biogas produc-
tion in cold climates, and also can enhance the penetration of 
volatile and intermittent RESs. Furthermore, the controllable 
CHP cogeneration of biogas plants can facilitate to offset the 
diurnal fluctuations of various RES outputs [12]. As an alterna-
tive to energy storage, the renewable electricity can be con-
verted in the form of biogas and stored in the gas storage tank 
so as to alleviate the unnecessary discharging/charging of BES. 
Fig. 2 illustrates a biogas-solar-wind hybrid renewable sys-
tem with multi-energy carriers based on the concept of energy 
hub. The proposed energy hub framework is supplied by wind, 
solar and biomass energy which can be converted and condi-
tioned through wind turbine (WT), photovoltaic thermal (PVT) 
system and digester into different energy carriers, e.g., elec-
tricity, heat and biogas. The PVT system is a renewable cogen-
eration system which combines thermal collectors and photo-
voltaic cells, and thus can produce low-temperature heat and 
electricity simultaneously from solar radiation [39]. In the en-
ergy hub, several energy conversion and storage devices, such 
as transformer, CHP, biogas furnace, BES, biogas storage tank, 
etc., are used to convert and control these energy carriers into 
desirable qualities and quantities to be consumed by electricity, 
heat/thermal, gas loads at the output port. The produced biogas 
is a versatile and flexible energy carrier, which can either di-
rectly supply the gas load, or be converted into electricity us-
ing the CHP gas engine. Waste heat from the engine as well as 
heat production from furnace and boiler can supply the ther-
mal load or be used for digester heating. Both of BES and bi-
ogas tank can offer large storage capacities for available elec-
tricity and biogas. Hence, various converters and storages are 
integrated for combining and coupling these carriers to form 
redundant connections within the hub-internal energy, and can 
offer a certain degree of flexibility and synergies for multi- 
energy supplies. 
 
Fig. 2 Biogas-solar-wind integrated multi-energy supply framework 
C. Steady-State Multi-Energy Coupling Matrix 
In order to further analyze the inherent controllability and 
multi-energy couplings within the energy hub, a coupling ma-
trix is formulated to model the conversion and storage of dif-
ferent energy carriers for the multi-input multi-output energy 
hub, as shown in (8). The elements of the matrix are coupling 
factors to represent the conversion efficiencies and hub-internal 
topology. For the single-input single-output converter device, 
such as electric boiler and furnace, the coupling factor express-
es its steady-state energy efficiency. For multi-input and mul-
ti-output converter devices, since the input junctions of an en-
ergy carrier may connected to several converters, e.g., biogas 
is split up to the CHP and furnace, the dispatch factor is in-
troduced in [18] to define the allocation of the total input to the 
devices converting this carrier, and the coupling factors should 
contain the products of dispatch factors and conversion effi-
ciencies. In (8), WWT, GPVT, and Ebio are wind speed, solar irra-
diation, and biomass energy inputs, respectively; PBES and VGS 
are the net outputs of electricity and biogas for battery and 
biogas storage, respectively; The net power of BES, PBES, is the 
subtraction of discharging power 𝑃>+? and charging power 𝑃@<; 
Le, Lh, and Lg are electricity, thermal, and gas loads; fWT de-
notes the power conversion function of WT [4]; fe,PVT and 
fh,PVT are the output power and thermal functions of PVT in [39]; 𝜂A,CDE  and 𝜂F,CDE  are the gas-electric and gas-thermal efficien-
cies of CHP; 𝜂8 and 𝜂G are conversion efficiencies of electric 
boiler and biogas furnace, respectively; 𝑄H+.  is the heat value of 
biogas; 𝜈8, 𝜈CDE, 𝜈G, 𝜈A, 𝜈F, and 𝜈J  are the dispatch factors of 
input energy carriers to electric boiler, CHP, furnace, electric-
ity, thermal, and biogas load, respectively. 
The multi-carrier energy coupling model (8) is a highly non-
linear system due to the product of dispatch factors. Therefore, 
a state variable-based method in [23] is used to avoid the non-
linearity induced by dispatch factors. Here, the converter out-
puts and the direct connections are designated as state varia-
bles. Taking the electric boiler as an example, a state variable 
SB is designated to represent its thermal output which is con-
nected with other state variables in Fig. 2. The input electricity 
consumption, which is determined by dispatch factor 𝜈8  in (8), 
can be represented as SB/ηB. As a result, the thermal output of 
electric boiler SB, electricity output of CHP unit SCHP, thermal 
output of biogas furnace SF, electricity and thermal energy for 
digester heating Sef and Shf, are designated as state variables and 
combined with the input vector E in (8) to form a new state 
variable vector E' in (9). It can be found from (1)-(9) that the 
digesting temperature 𝑇$ is an important state variable to de-
termine the biogas production rate 𝑓K in (1), and the electrical 
and thermal energy feedback to digester, Sef and Shf, can be used 
to maintain the optimum value of 𝑇$. With the sufficient biogas 
produced, the coordinated charging/discharging of biogas stor-
age and BES for controllable variables, VGS and PBES, can offer 
great flexibility for multi-carrier energy scheduling in follow-
ing different load demands in stand-alone Microgrids. Conse-
quently, the coupling matrix C can further be reformulated to 
obtain an extended matrix C' in (9) to indicate the couplings 
between the state and output/input variables. Though the cou-
pling matrix C' is nonlinear, it is sparser for efficient compu-
tational iterations, and also shows more flexible for the scala-
bility with the integration of other energy sources. Based on 
the modelling of the proposed biogas-solar-wind energy hub 
and its coupling matrix in Section II, an optimal scheduling 
scheme for multi-carrier energy supplies will be further de-
veloped in Section III. 
III. MULTI-CARRIER ENERGY SCHEDULING SCHEME 
A. Energy Scheduling Objective 
Different energy carriers in the hub can be characterized by 
their cost and availability, and offer options for optimizing the 
system operating cost of multi-energy supplies [27]. The over-
all system scheduling cost should involve the costs incurred in 
the production, conversion, storage and consumption of multi- 
energy flows. As the proposed HRES is a 100% renewable en-
ergy system without energy production cost, the proposed cost- 
minimization scheduling scheme aims to control various hub- 
internal devices for optimal coordination among multi-carrier 
energy conversions, biogas and battery storages. For this mul-
ti-energy scheduling problem, the control variables include the 
battery charging and discharging power 𝑃@<,L  and 𝑃>+?,L, biogas 
storage output 𝑉N5,L, and state variables 𝑆8,L,	𝑆CDE,L, 𝑆G,L, 𝑆:;,L, 
and 𝑆<;,L  for the kth time slot. The associated operating costs of 
energy hub in the scheduling process include the start-up/shut- 
down cost of CHP UCk [40], energy loss costs due to energy 
conversions of various converters and storages LCk, battery 
degradation cost caused by charging and discharging BCk, and 
demand shedding cost DCk, as follows, 
CHP,SU 1 CHP,SD 1(1 ) (1 )k k k k kUC µ w w µ w w- -= - + -    (10) 
loss ch, ch dis, dis
B, B ef, B F, F F
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p , , bio ,( )k e k h k g kDC DL DL Q DL kµ= + + D      (13) 
where 𝜇CDE,5P, 𝜇CDE,5K, 𝜇Q.??, and 𝜇R are the unit cost of 
CHP start-up, CHP shut-down, energy loss, and load shedding, 
respectively; 𝜔L is a binary variable, 1 or 0, to represent on 
or off state of CHP at the kth time slot; ∆k is the length of per 
time  slot; 𝐷𝐿A,L, 𝐷𝐿F,L and 𝐷𝐿J,L are the amount of load 
shedding for electricity, heat, gas at the kth time slot, respec-
tively. The battery degradation cost model in [7] is adopted as 
the state of charge (SOC) and ambient temperature may cause 
considerable degradation to BES. 𝜇845  and 𝑟845  are the 
capital cost and rated cycle life of batteries; 𝑆𝑂𝐶845,X:; and 𝑆𝑂𝐶845,L are the reference SOC and current SOC at the kth 
time slot, respectively; 𝑎( , 𝑎- , 𝑎Z  and 𝑎[  are the coeffi-
cients of battery cycle life, and their values are taken from [7]; E3 is the total energy storage capacity of BES; η@< and η>+? 
are the charging and discharging efficiency of batteries.
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In order to enhance renewable energy utilization and system 
energy efficiency, an optimum multi-carrier energy scheduling 
scheme is developed to minimize the sum of the four operat-
ing costs in (10)-(13). The proposed scheduling scheme is 
formulated as a scenario-based stochastic optimization with 
rolling horizon strategy [41]. Each rolling decision step solves 
for the current time slot and looks ahead the remaining time 
slots considering the uncertainties of WT and PVT outputs as 
well as ambient temperature in future horizons. The schedul-
ing objective function is to minimize the system operating cost 
of the current time slot k plus the expected operating cost of 
all scenarios from the next time slot k+∆k to the end of the 
scheduling horizon, as follows, 
end
,
1
min  + ( )
sN K
k s k s
s k k k
SC SCr
= = +D
ì ü
í ý
î þ
å å           (14) 
k k k k kSC UC LC BC DC= + + +          (15) 
where SCk and SCk,s are the system operating cost at current 
time slot k and the operating cost of scenario s at time slot k, 
respectively; Kend denotes the end of the scheduling horizon; 
Ns is the total number of scenarios for stochastic optimization; 𝜌_ is the probability of scenario s, and the sum of probabilities 
for all scenarios is equal to 1, e.g., 𝜌_`?_a( = 1. 
B. System Constraints 
1) Multi-energy Balance Constraints: For a stand-alone Mi-
crogrid, load shedding is considered for multi-energy balance 
of supply and demand under extreme situations due to the vol-
atility and intermittency of wind and solar energies. Hence, the 
amount of electricity, thermal, and gas load demand should be 
equal to the sum of the corresponding energy supply from en-
ergy hub and the amount of load shedding of interruptible load 
at each time slot respectively, as follows, 
,0, ,
0, , ,
0, , ,
e ke k e k
h k h k h k
g k g k g k
DLL L
L L DL
L L DL
é ùé ù é ù
ê úê ú ê ú
= + ê úê ú ê ú
ê úê ú ê ú
ê úë û ë û ë û
         (16) 
where 𝐿Ad,L, 𝐿Fd,L, and 𝐿Jd,L  are the load demands for electric-
ity, heat and gas at the kth time slot, respectively; 𝐿A,L, 𝐿F,L, and 𝐿J,L  are the multi-carrier energy loads supplied and deter-
mined by coupling matrix (9). 
2) Load Shedding Constraints: The amount of load shedding 
for each type of energy should be limited within its threshold, 
, , ,max
, , ,max
, , ,max
e k e k
h k h k
g k g k
DL DL
DL DL
DL DL
£
£
£
            (17) 
where 𝐷𝐿A,L,efg, 𝐷𝐿F,L,efg, and 𝐷𝐿J,L,efg  denote the maximum 
limits of interruptible loads for electricity, heat, and gas at the 
kth time slot, respectively Here, 𝐷𝐿A,L, 𝐷𝐿F,L and 𝐷𝐿J,L are 
determined by the control variables in coupling matrix (9) and 
calculated using multi-energy balance equality constraints in 
(16). 
3) Battery SOC Constraints: The SOC of BES should be lim-
ited to avoid the overcharging and overdischarging of batteries, 
ch ch, dis,
BES, BES,
R dis R
k k k k
k k k
P k P k
SOC SOC
E E
h
h
-D -D
-D
D D
= + -  (18) 
BES,min BES, BES,maxkSOC SOC SOC£ £       (19) 
where 𝑆𝑂𝐶845,e+,  and 𝑆𝑂𝐶845,efg  denote the lower and upper 
bounds of SOC of BES, respectively. 
4) Battery Charging/Discharging Constraints: Since the fast 
charging/discharging rate would degrade the performance of 
batteries and thus shorten the lifespan [8], the charging/ dis-
charging power of BES should be limited as follows, 
ch, ch,maxk kP P d£ ×                 (20) 
dis, dis,maxk kP P j£ ×                 (21) 
1k kd j+ £                   (22) 
where 𝜑L  and 𝛿L  are binary variables to represent the state of 
battery energy flow (charging or discharging) at the kth time 
slot; 𝑃@<,efg  and 𝑃>+?,efg  are the allowable maximum charging 
and discharging power, respectively. 
5) Digesting Temperature Constraints: The digestion tem-
perature should be constrained to ensure the survival of anaer-
obic organisms, as follows, 
Z,min Z, Z,maxkT T T£ £               (23) 
where 𝑇$,e+,  and 𝑇$,efg  are the lower and upper bounds of di-
gestion temperature, respectively; In this paper, 𝑇$ is an in-
termediate variable which can be solved through R-C thermo-
dynamics-based network model in (2)-(7) and Fig.1. 
6) Biogas Storage Constraints: The SOC and output of bio-
gas storage tank should be constrained within their minimum 
and maximum bounds, as follows, 
GS,
bio, bio,
k k
k k k
R
V k
SOC SOC
V
-D
-D
D
= -          (24) 
bio,min bio, bio,maxkSOC SOC SOC£ £         (25) 
GS,min GS, GS,maxkV V V£ £              (26) 
where 𝑆𝑂𝐶H+.,L  is the SOC of biogas storage at the kth time slot; 𝑉3  denotes the total volume of biogas storage; 𝑆𝑂𝐶H+.,e+,  and 𝑆𝑂𝐶H+.,efg  are the lower and upper bounds of SOC of biogas 
storage, respectively; 	VN5,L  indicates the output of biogas dis-
charging at the kth time when VN5,L > 0, and the biogas charg-
ing when VN5,L < 0; VN5,e+, and VN5,efg are the lower and up-
per bounds of biogas storage output, respectively. 
7) Boiler and Furnace Constraints: The outputs of electric 
boiler and furnace should be subject to their capacity limits as, 
B, B,max0 kS S£ £                 (27) 
F, F,max0 kS S£ £                 (28) 
where 𝑆8,efg and 𝑆G,efg are the allowed maximum outputs of 
electric boiler and furnace, respectively. 
8) CHP Unit Constraints: The electrical and thermal power 
outputs of CHP should be limited by its maximum and mini-
mum capacities as well as the ramp rate [40], as follows, 
CHP,min CHP, CHP,maxk k kS S Sw w£ £          (29) 
CHP,min CHP, ,CHP ,CHP CHP,max/h kek kH S Hw h h w£ £     (30) 
CHP, CHP, CHP,rampkk kS S P-D- £           (31) 
where 𝑆CDE,e+, and 𝑆CDE,efg are the lower and upper bounds 
of generation outputs of CHP unit, respectively; 𝐻CDE,e+, and 𝐻CDE,efg denote the lower and upper bounds of CHP thermal 
outputs, respectively; 𝑃CDE,XfeR is the ramp rate of CHP. 
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IV. CASE STUDIES 
A. System Data and Configuration 
In this paper, a rural stand-alone Microgrid in Hunan, China, 
is presented to validate the performance of the proposed bio-
gas-solar-wind renewable portfolio with the multi-energy sup-
ply scheme. In the rural areas, livestock and organic wastes are 
usually available plentiful, and can be used for fermentation to 
transform the wastes into biogas energy. In the rural Microgrid 
demonstration, a 600m3 in-ground tubular digester was built as 
the reactor, and a 600m3 biogas storage tank is also equipped. 
The installed capacities of PVT, WT, electric boilers, CHP unit, 
furnace, and BES are 150kW, 150kW, 200kW, 300kW, 200kW, 
and 400kWh, respectively. The seasonal variations of multi- 
energy demands and RES outputs are considered. The electri-
cal, thermal and gas load profiles of two typical days in sum-
mer and winter seasons are shown in Fig. 3 and 4, respectively. 
It should be pointed out that the gas load represents the biogas 
consumption used for household cooking and lighting. The base 
loads of electricity, heat and gas are set to 350kW, 150kW, and 
10m3, respectively. 
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Fig. 3 Multi-energy load profiles of a typical day on summer season 
D
em
an
d 
(p
u)
0
0.2
0.4
0.6
0.8
1
Time (hour)
Thermal load Gas load Electricity load 
2 4 6 8 10 12 14 16 18 20 22 24
 
Fig. 4 Multi-energy load profiles of a typical day on winter season 
The technical specifications of Microgrid components in the 
case study are summarized and listed in Table I. Besides, the 
load shedding limits, 𝐷𝐿A,L,efg, 𝐷𝐿F,L,efg, and 𝐷𝐿J,L,efg  are set 
to be 20% of each type of load at the kth time slot [22]. The 
rolling horizon optimization of the proposed energy hub sched-
uling scheme is performed for every 15 minutes over a 24-hour 
period. In each time slot, the forecasted RES outputs and am-
bient temperature can be procured from the historical data us-
ing nonlinear regression methods [4]. In order to capture the 
forecasting uncertainties, Monte Carlo simulations in [3] were 
implemented to obtain a set of scenarios in which each scenar-
io expresses a possible status with renewable energy genera-
tion, and temperature prediction inaccuracies. These forecast-
ing errors were assumed to follow a normal distribution func-
tion in [3], and then the scenario tree can be formed by several 
scenarios generated from historical forecasting data [42]. The 
corresponding scenario tree has 100 scenarios, and each sce-
nario can be considered as a path with a possibility of 1/100. A 
scenario reduction technique in [28] is further utilized to reduce 
the computational cost, and thus only 10 scenarios are retained 
for the rolling optimization at each time slot. 
TABLE I 
TECHNICAL SPECIFICATIONS OF MICROGRID COMPONENTS IN HUNAN 
Digester 
TZ,min= 15°C TZ,max= 55°C 
m = -0.125 n = 50 𝑄H+.= 6.11 kWh/m3 𝐶$  =  749 kWh/°C 𝐶'(  = 141.19 kWh/°C 𝐶'-  =  0.491 kWh/°C 𝑅+,  = 155.78×10-4 °C/kW 𝑅./0  = 50.71×10-4 °C/kW 𝑅'(  = 10.99×10-4 °C/kW 𝑅'-  = 85.78×10-4 °C/kW 
Biogas storage 
𝑉N5,e+,= -200 m3/h 𝑉N5,efg= 200 m3/h 𝑆𝑂𝐶H+.,e+,= 0.1 𝑆𝑂𝐶H+.,efg= 1 
Lead-acid 
BES 
𝐸3 = 400 kWh ηch= ηdis= 91.4% 𝜇845 = 24000 $ 𝑟845 = 1000 cycles 
a1 = 3291 a2 = -4230 
a3 = 4332 a4 = -0.05922 𝑆𝑂𝐶845,e+,= 0.1 𝑆𝑂𝐶845,efg= 0.9 𝑃@<,efg= 80 kW 𝑃>+?,efg= 80 kW 
CHP 
𝑃CDE,XfeR= 250 kW/h 
SCHP,min= 5 kW SCHP,max= 300 kW 𝜂A,CDE= 0.4 𝜂F,CDE= 0.45 
Boiler 𝑆8,efg= 200 kW 𝜂8= 0.75 
Furnace 𝑆G,efg= 200 kW 𝜂G= 0.75 
Unit cost 
𝜇CDE,5P = 8 $/start 𝜇CDE,5K = 8 $/shut 𝜇Q.?? = 1 $/kWh 𝜇R = 10 $/kWh 
B. Comparative Results and Analysis 
For in-depth investigations on the effectiveness and superi-
ority of the proposed methodology, three schemes are consid-
ered for comparative analysis and discussions: 1) Scheme 1 is 
the proposed coupled multi-energy scheduling scheme in Sec-
tions II and III; 2) Scheme 2 implements the energy hub sched-
uling without considering the battery degradation cost in (10); 
3) Scheme 3 performs the energy supply model in the previous 
works [14],[35] in which the digester heating from RESs with 
digesting thermodynamic effects are not considered. 
Scheme 2 Scheme 3Scheme 1 
20
23
26
29
32
35
Time (hour)
2 4 6 8 10 12 14 16 18 20 22 24
0
5
10
15
20
25
(Summer)
(Winter)
T 
 (°
C
)
Z
T 
 (°
C
)
Z
 
Fig. 5 The plot of daily digestion temperature curves with schemes 1-3 
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Fig. 6 The plot of daily heating energy injection with schemes 1-3 
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In this study, the proposed multi-carrier generation sched-
uling scheme is formulated as a scenario-based nonlinear and 
stochastic optimization model based on rolling horizon strate-
gy. It is a mixed-integer nonlinear programming problem 
which can be implemented with the freely available YALMIP 
toolbox [43] in the MATLAB software and solved using the 
BONMIN solver on a personal computer with 4-GHz Intel 
Core i7 CPU and 8GB RAM. With the schemes 1-3, the 
curves of digestion temperature and the injected energy for 
digester heating are illustrated in Fig. 5 and Fig. 6, respective-
ly. It can be found that, as there is abundant sunshine and wind 
during summertime, the outputs of PVT and WT are used to 
heat the digester for biogas yield enhancement, and thus the 
solar and wind energy can be harvested and stored in the bio-
gas tank. In the winter season, the digestion temperature below 
15°C in scheme 3 may cause biogas production to slow down 
or even stop as anaerobic organisms cannot survive in 
low-temperature environments. The proposed bio-
gas-solar-wind complementarities in schemes 1 and 2 can 
tackle the detrimental impact from cold climates on biogas 
anaerobic organisms, and thereby facilitate the fast fermenta-
tion reaction rates for increasing the biogas yields. 
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Fig. 7 The plot of daily battery SOC with schemes 1-3 
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Fig. 8 The plot of SOC of biogas storage with schemes 1-3 
Fig. 7-11 illustrate the output curves of BES, biogas storage, 
CHP, boiler and furnace with schemes 1-3. It can be found 
from Fig. 7-9 that compared with schemes 2 and 3, the pro-
posed methodology can achieve a better coordination among 
various energy conversion, battery and biogas storage to en-
hance system energy efficiency. For example, during the hours 
18-20 in the summer, the biogas storage and CHP in scheme 1 
increase their outputs to satisfy the soaring loads while the 
BES remains unchanged. At hour 21, the output of CHP in 
scheme 1 decreases while the BES releases its power to follow 
the on-peak loads. However, in scheme 2, the CHP has to in-
crease its output as BES has run out of its energy at hour 21. 
Besides, due to the energy loss and battery degradation cost 
from charging/discharging actions of BES, the biogas storage 
is prioritized as the reserve storage during hours 7-15 in the 
summer, as shown in Fig. 7-8. Furthermore, the multi-energy 
demands of residents in cold and hot seasons are quite differ-
ent from each other, and the thermal load during the winter 
season is much higher than that in the summer season. Hence, 
it can be observed from Fig. 9-11 that most of the thermal load 
is supplied by CHP unit in the summer, and the thermal load 
in the winter is jointly supplied by CHP, boiler, and furnace. 
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Fig. 9 The plot of daily power outputs of CHP with schemes 1-3 
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Fig. 10 The plot of daily energy outputs of boiler with schemes 1-3 
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Fig. 11 The plot of daily energy outputs of furnace with schemes 1-3 
The previous field investigations in Hunan indicate that a 
major difficulty is associated with biogas energy utilization 
due to the lack of solar radiation during the winter season. In 
order to demonstrate the performance of the proposed sched-
uling scheme under extreme weather conditions, Fig. 12 illus-
trates the curves of digestion temperature and CHP output on a 
winter day without solar energy. It can be found that, without 
the heating energy from PVT, the digestion temperature as 
well as biogas yield decrease significantly. Moreover, with the 
schemes 1-3, the curves of digestion temperature and CHP 
output on a winter day without solar and wind energy are 
plotted in Fig. 13. Since the digester heating from RESs is not 
considered, scheme 3 cannot provide sufficient biogas yield for 
energy supply in winter season. Therefore, it is concluded from 
Fig. 12 and 13 that the digesting thermodynamic effect is ef-
fective to maintain the biogas production for ensuring the mul-
ti-energy supplies under extreme weather conditions. 
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Fig. 12 The plot of scheduling results on a winter day with no solar 
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Fig. 13 The plot of scheduling results on a winter day with no solar and wind 
TABLE II 
COMPARATIVE PERFORMANCE RESULTS ON SUMMER SEASON OF SCHEMES 1-3 
Scheme 1 2 3 
System operating cost ($) 1040.96 1044.47 4386.37 
Biogas yield (m3) 4226.42 4221.77 3991.30 
Battery degradation cost ($) 68.42 76.88 98.24 
Energy loss (kWh) 964.55 959.59 913.29 
Load shedding (kWh) 0 0 336.68 
Solar-wind accommodation (%) 100 100 66.70 
TABLE III 
COMPARATIVE PERFORMANCE RESULTS ON WINTER SEASON OF SCHEMES 1-3 
Scheme 1 2 3 
System operating cost ($) 774.17 776.94 24412.63 
Biogas yield (m3) 1691.47 1685.10 0 
Battery degradation cost ($) 22.18 28.78 23.82 
Energy loss (kWh) 727.99 724.16 1299.01 
Load shedding (kWh) 0 0 2308.98 
Solar-wind accommodation (%) 100 100 90.2 
TABLE IV 
COMPARATIVE PERFORMANCE RESULTS WITHOUT SOLAR OF SCHEMES 1-3 
Scheme 1 2 3 
System operating cost ($) 18484.24 18484.24 43928.48 
Biogas yield (m3) 1537.90 1537.90 0 
Battery degradation cost ($) 0 0 20.66 
Energy loss (kWh) 902.74 902.74 1013.82 
Load shedding (kWh) 1737.45 1737.45 4289.40 
Solar-wind accommodation (%) 100 100 100 
Table II-IV gives the 24-hour scheduling results on the typi-
cal days on summer and winter as well as a winter day without 
solar. The system performance results on operating cost, bio-
gas yield, battery degradation cost, energy loss, load shedding, 
and solar-wind accommodation obtained with schemes 1-3 are 
further compared. Since the degradation cost is considered in 
scheme 1, the charging/discharging actions of BES in scheme 
1 are less frequent and more economical than that of scheme 2, 
and thus give rise to lower operation cost in Table II-IV. On 
the other hand, it can be found from Table II and III that the 
energy loss costs account for a large proportion of the system 
operating cost. Due to the seasonal variations on multi-energy 
demands and RES generations, the total amount of mul-
ti-energy load in the summer is larger than that in the winter 
for the studied Microgrid, and the biogas production would 
also significantly increase because of high ambient tempera-
ture in the summer. It is clear from Fig. 9 that the outputs of 
CHP unit in the summer are much larger than those in the 
winter, and causes much more energy loss from the mul-
ti-energy conversion processes. Thus, the energy loss costs in 
the summer day are much higher than those in the winter day, 
which gives rise to considerably large system operating cost in 
Table II. 
It is also observed that the proposed methodology can pro-
vide flexible multi-energy utilization to accommodate so-
lar-wind energy variability with the least amount of load shed-
ding. As BES has relatively higher charging/discharging effi-
ciency, the deep charging/discharging in scheme 2 leads to the 
less energy loss and higher degradation cost in Table III. All in 
all, the comparative results can demonstrate the superior per-
formance of the proposed scheme 1 on efficient energy man-
agement and conversion, especially on the improvements on 
operating cost and renewable energy penetration. 
C. Influence of BES Capacity 
In order to analyze the effects of BES capacity on the system 
performance, the proposed scheme is performed under differ-
ent battery capacities varying from 0.5 per unit to 1.5 per unit 
with the base capacity 400kWh. Fig. 14 illustrates the perfor-
mance results of demand shedding cost, solar-wind accom-
modation, battery degradation cost and system operation cost 
considering different BES capacities. 
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Fig. 14 system performance results versus different battery rating 
With the increase of BES capacity from 0.5 to 0.9 per unit, 
the battery degradation cost BC gradually increases while sys-
tem operation cost SC gradually decreases. It is clear that the 
load shedding occurs at low-capacity battery and decreases to 
0 at 0.9 per unit. With the proposed biogas-solar-wind comple-
mentarities, abundant solar and wind energy can be harvested 
in the form of biogas, and thus the solar-wind accommodation 
stays at 100% under different BES capacities. Therefore, it can 
then be concluded that the proposed methodology can lower the 
dependence on battery storages, and perform well with lower 
battery capacity. The results also confirm that the utilization of 
wind and solar energy for digester heating can provide a feasi-
ble solution to address the integration challenge of high pene-
tration of variable and intermittent RESs. 
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V. CONCLUSION 
In this paper, the biogas-solar-wind energy complementari-
ties are proposed to form a 100% renewable energy hub frame-
work for stand-alone Microgrids, and an optimal multi-energy 
scheduling scheme is developed for coordination of production, 
conversion, storage, and consumption of electricity, heat, and 
gas. The greatly improvements of the proposed methodology 
are due to the utilizations of biogas thermodynamic effects for 
flexible multi-energy conversion and storage. It has been found 
from simulation studies that, with the coupling interaction and 
energy storage among biogas and other RESs, the overcharg-
ing and deep discharging of BES can be avoided to prolong the 
lifetime of batteries. Comparative results demonstrate the su-
periority of the proposed method to enhance renewable pene-
tration and biogas yield with a significant reduction in opera-
tion costs, and also exhibit great potential to provide diversified 
energy supplies for residents in off-grid remote. 
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